The effects of suspended solids size on culture water quality were determined in a commercial recirculating aquaculture system (RAS) for Japanese eel, Anguilla japonica. The particulate phase of the culture water was serially divided into six size fractions using 300, 200, 100, 75, 45, and 26 µm pore size stainless sieves. The total, dissolved, and particulate nitrogen and phosphorus, and suspended solids for each fraction were determined. The concentration ranges in the fractions were: total nitrogen, 164-148 mg L -1 ; total phosphorus, 20.4-15.5 mg L -1 ; and total suspended solids, 8.1-6.1 mg L -1 . The concentration of total nitrogen and total phosphorus decreased significantly (P<0.05) with a 26 µm and 200 µm filter pore size, respectively. Nutrients from dissolved organic substances were much higher than from particulates. Analysis of particle size fractionation and its effects on water quality is useful to estimate removal efficiencies of a commercial effluent screening device for solid management and development of solid removal systems.
Introduction
Suspended solids management is a key factor determining the success of a recirculating aquaculture system (RAS) because of its potential impact. Organic particulates are very harmful to fish health (Chapman et al., 1987) and must be removed for successful water management (Spotte, 1979) . A build-up of solids in an RAS leads to a decline in culture water quality, which increases stress on culture organisms (Rosenthal et al., 1982; Klontz et al., 1985; Braaten et al., 1986) . Recycling suspended particles in an RAS adversely affects fish through partial smothering of gills (Muir, 1982) , aids in the propagation and proliferation of pathogenic organisms (Braaten et al., 1986; Liltved and Cripps, 1999) , and consumes dissolved oxygen as the solids decay (Welch and Lindell, 1992) . Recycling suspended particles also potentially clogs biofilters and reduces their nitrification efficiency. In addition, suspended solids mineralize to produce ammonia (Liao and Mayo, 1974) .
Since the adverse effects of solids on RASs were recognized, studies on solids characteristics (Chen et al., 1993; Twarowska et al., 1997; Maillard et al., 2005) and solids removal (Liao, 1980; Wickins, 1980; Cripps and Bergheim, 2000; Lekang et al., 2000; Summerfelt and Penne, 2005) have increased. Solid waste accumulation may become the first limiting parameter of an RAS as recycle rate increases. Although various solid removal systems have been used to remove solid waste, small particles, which are not trapped by the filter, accumulate. However, basic information on the size distribution of solids and their effect on water quality are still lacking. In particular, information on particle size fractionation and nutrient analysis would be useful for characterizing eel culture waste and improving recycling water treatment efficiency. Japanese eel, Anguilla japonica, is one of the most important freshwater aquaculture species in Korea, China, and Japan, and other species, such as Anguilla anguilla, are also important culture species in southern Asia and Europe. For successful and energy effective culture of eel, there is a need to develop highly efficient solid removal systems in RASs. *Corresponding author: jinhwanlee@hhu.ac.kr
The objective of this study was to investigate the particulate fractions in the water of an eel RAS on water quality parameters such as total nitrogen (TN), total dissolved nitrogen (TDN), total phosphorous (TP), total dissolved phosphorous (TDP), total organic carbon (TOC), dissolved organic carbon (DOC), total suspended solid (TSS), and total volatile solid (TVS) for solids control process design.
Materials and Methods

RAS and experimental conditions
The experiment was conducted in an RAS for Japanese eel (Fig. 1) at Kywangkye-ri, Changyeonggun, Gyeongsangnam-do. The RAS consisted of ten circular culture tanks (6 m diameter and 29 m 3 water volume), a microscreen drum filter (1.5 m diameter and 8.47 m 2 surface area), a sedimentation chamber (96.6 m 3 water volume), a static biofilter chamber (96.6 m 3 water volume) equipped with static scrubpad filter media, three biofilter chambers (290 m 3 water volume) containing plastic beads, and a heating chamber (96.6 m 3 water volume). Each circular fishrearing tank had a sidewall drain which removed water from the bottom-center through two PVC pipes (50 mm diameter). The effluent from the culture tanks discharged into a drum filter (60 µm mesh), which functioned mainly for solids removal. Drumfiltered water flushed into a sedimentation chamber and then into the biofilter tanks. Filtered water was pumped into the culture tanks and recycled ( Fig. 1) . A 10-hp electric centrifugal pump lifted the filtered water into the culture tanks. A 1.5-hp electric centrifugal pump was mounted beside each culture tank to circulate the culture tank water and increase the dissolved oxygen (DO). Aeration was provided to the water both in the culture tanks and the biofilters containing plastic beads.
During the sampling time, the RAS contained approximately 66,000 eel, and the total biomass was 9,900 kg (35.3 kg/m 2 ). The amount of feed inputted daily was approximately 280 kg (2.8%) of the total biomass (Purina EEGJ30011 paste feed: crude protein, 51.7%; crude lipid, 5.8%; phosphorus, <1.8%; crude fiber, <3%; crude ash, 13.1%). The daily freshwater inflow was 1% of the total system volume, which was lost due to drum filter backwashing. Heating boilers and thermostats kept the water temperature constant at 28°C.
Sample collection and particle size fractionation
To exclude changes in the experimental conditions, the fish were fasted 1 day before water sampling. Water samples were collected from the inlet of the microscreen drum filter. To minimize variability in the particulate parameters, each size-fractioned 1 L sample was collected from 20 L of a size-fractioned sample vessel. The effluent samples were serially filtered using Korean standard micro sieves (200-mm diameter, 100-µm thickness, Chung Gye Ins. Co., Seoul, Korea) with pore sizes of 300, 200, 100, 75, 45, and 26 µm. The filtration and particle-size fractioned samples were measured during on-site sampling, so that the possibility of physical and chemical changes prior to analysis was reduced.
Water quality
For solids fractionation and its effects on water quality, both unfiltered and filtered effluent samples were analyzed according to standard methods (APHA, 1998) . The TOC and DOC were determined by the wet oxidation method. Alkaline potassium persulfate oxidation was used to determine the TN, TDN, TP, and TDP (Grasshoff et al., 1983) . All water quality parameters were determined in triplicate. The DO and pH were measured using a meter (HACH, HQ30d; Loveland CO, USA).
Statistical analysis
A one-way analysis of variance and Duncan's multiple range test were used to analyze the differences in water quality among unfiltered and size fraction sample groups using the SAS software package, Version 9.1 (SAS Institute Inc., Cary, NC, USA). P<0.05 was considered statistically significant.
Results
The mean water quality and particle parameters in the unfractionated culture tank effluent are shown in Table 1 . The TDN was approximately 87% of the TN, and the TDP was approximately 85% of the TP. The mean TSS was 8.1 mg L -1 . The DO and pH were maintained at 7.8 mg L -1 and 6.8, respectively, by adding pure liquid oxygen and calcium carbonate, respectively.
Serial particle fractionation of the culture tank effluent decreased the TN nutrient concentration; however, a significant (P<0.05) concentration change was obtained only from the 26-µm pore filtration size (Fig. 2) . The mean TN concentration decreased from 164.1 to 158.6 mg L -1 , a 3.3% reduction, with a 200 µm pore size filtration. TN reduction rate increased to 9.8% after decreasing the mesh size to 26 µm. TDN was not significantly (P>0.05) different according to the serial particle-size fractionation. TPN decreased significantly with the use of a 26-µm pore size filter (Fig. 2) .
The mean TP concentration decreased from 20.4 to 15.5 mg L -1 , a 24.0% reduction, with decreasing mesh size (Fig. 3) . A significant (P<0.05) reduction in TP was achieved using a 200 µm pore size filter. The mean TDP and total particulate phosphorus (TPP) concentrations also decreased from 17.3 to 15.0 mg L -1 , and 3.0 to 0.5 mg L -1 , respectively (Fig. 3 ).
Significant (P<0.05) TDP and TPP reductions were achieved with the use of 100-and 200 µm pore size filters, respectively.
The mean TOC, DOC, and particulate organic carbon (POC) concentrations in filtered culture tank effluent ranged from 13.2 to 10.9 mg L -1 , 12.1 to 9.4 mg L -1 , and 1.5 to 1.0 mg L -1 , respectively (Fig. 4) . The mean DOC fluctuated according to the serial fractionation of the effluent. A significant DOC increment was observed with the use of 100-and 75 µm pore size filters. An increased POC concentration was observed for the later filtration samples using filters finer than 75 µm. However, a significant POC increment compared with unfiltered effluent was found at a pore size of 26 µm (Fig. 4) .
The mean TSS concentration decreased from 8.1 to 6.1 mg L -1 , a 24.6% reduction, with decreasing mesh size (Fig. 5 ). The mean total volatile solid (TVS) concentration also decreased from 7.6 to 5.3 mg L -1 , a 30.2% reduction, with decreasing mesh size (Fig. 5 ).
Discussion
The effective and economical waste management is necessary in an RAS, as waste material in aquaculture effluents occurs in low concentrations and at high water flow rates (Cripps, 1994; Gowen et al., 1991; Pillay, 1992) . Basic solids information, such as specific gravity, settling velocity, and size distribution, has been provided (Chet at al., 1993), but research on both nutrient and particle size fractionation is lacking.
As noted by Cripps (1995) , parametric multiple filtration may adversely influence the character of the effluent, so we obtained samples for each particle size fraction from a sample pool (20 L). The nutrient concentration from serial fractionation decreased with decreasing mesh size, which was similar to previous studies (Chen et al., 1993; Cripps, 1995) and can be explained from the particle volume and nutrient distributions according to size fractionation. Unlike this study, Cripps (1995) found a significantly greater concentration of TPP in suspended solids containing In the present study, small particles, which could not be removed by the filter and recycled or accumulated, were considered. Thus, fish were fasted for 24 hours before water sampling to eliminate variability caused by factors such as diurnal feeding cycles, culture system management irregularities, or tank cleaning operations.
In the current study, solid particles were mainly Fig. 4 . Carbon concentration changes of culture water with increasing filtration effort: Unfilt., unfiltered effluent; TOC, total organic carbon; DOC, dissolved organic carbon; POC, particulate organic carbon.
Values (mean ± s.e.) with aster (*) indicate statistically significant differences (P<0.05) with concentration of unfiltered effluent. removed by a microscreen drum filter with a mesh size of 60 µm. Cripps (1995) reported that the TSS concentration of smaller particles was considerably less than that of larger particles. From the results of this study, a reduction in TSS by microsieve filtration seemed to be effective using a 75 µm mesh size. A further reduction in filter pore size would be expected to produce negligible results on the TSS removal efficiency and, in practice, would be difficult to operate. The shapes of the unfiltered and size-fractioned particles under a light microscope were irregular; thus, elongated particles may have passed through pore sizes smaller than the mean diameter. This result indicates that solid removal for the finest target size Lekang et al. (2000) This study Cripps (1995) This study Cripps (1995 ) Eikebrokk et al. (1995 This study in an RAS would be unavailable using only microscreen filtration process.
Typical mechanical screen filters are usually designed to remove particles greater than 80 µm, leaving smaller particles to accumulate. A majority of these fine suspended particles remain even after water passes repeatedly through biological filters (Muir, 1978) . As a result, suspended particle concentrations in RASs often exceed the recommended limit of 15 mg L -1 (Reinemann, 1987; Timmons et al., 1987) .
There is a significant amount of water quality analysis data for aquaculture effluents (Foy and Rosell, 1991b; Eikebrokk et al., 1995; Qian et al., 2001) ; however, little work has been conducted to quantify nutrients according to particle size with the aim of using the results to improve treatment efficiency (Bergheim and Forsberg, 1993; Bergheim et al., 1993a) .
In the present study, nutrients from dissolved organic substances were predominant over those from particulates. According to Hirayama et al. (1988) , dissolved organic substances in a closed-recirculation aquarium increase with the cumulative amount of feed. From their results, the carbon, nitrogen, and phosphorous in the organic substances accumulating in the culture water accounted for 3.2% of the feed supplied. In the commercial-scale culture system used in this study, no significant trends occurred for the TOC and DOC concentrations according to the size fraction. However, finer particles contained much higher particulate organic carbon. This suggests that the finer particles are the core material of various sizes of suspended solids and may originate from the bone material in the fishmeal. Table 2 summarize the results of the TP, TN, and solid filtration efficiencies from other studies and the current study. The reduction trends achieved in this study were lower than those achieved by other studies. The efficiencies achieved by Bergheim et al. (1991) and Eikebrokk et al. (1995) were attained using devices that treated the effluent in situ. The nutrient and solid concentrations in other studies were also lower than this study. Moreover, in this study, dissolved nutrients were predominant over particulates, and serial filtration of size fractions only reduced the particle volume. These might be the reasons for the lower reduction efficiencies using mechanical filtration. According to Foy and Rosell (1991a) and Bergheim et al. (1993b) , 7-32% of the TN and 30-84% of the TP was in the particulate fraction. In the present study, a similar ratio of 7-16% of the TN, but a considerably lower ratio of 3-15% of the TP was found in the particulate fraction. The lower concentration of TPP might be explained by differences in feed, fish biomass, and culture species.
Most studies that have focused on solid characteristics have been conducted with salmonids and tilapia; however, there is a lack of data for eels supplied a paste feed. This makes a direct comparison of the solid characteristics results from an RAS difficult.
Solid characteristics, e.g., particle size distribution and nutrients in the particle size fractions, are necessary data to design and improve solid removal systems. Analyses of solid characteristics are expected to increase for evaluating filtration systems for other fish species.
